The genus Aethionema is sister to the core Brassicaceae (including Arabidopsis thaliana) and thus has an important evolutionary position for comparative analyses. Aethionema arabicum (Brassicaceae) is emerging as a model to understand the evolution of various traits. We generated transcriptome data for seven Ae. arabicum genotypes across the species range including Cyprus, Iran and Turkey. Combined flow cytometry and single nucleotide polymorphism (SNP) analyses identified distinct tetraploid (Iranian) and diploid populations (Turkish/Cypriot). The Turkish and Cypriot lines had a higher genome-wide genetic diversity than the Iranian lines. However, one genomic region contained genes with a higher diversity in the Iranian than the Turkish/Cypriot lines. Sixteen percent of the genes in this region were chaperonins involved in protein folding. Additionally, an analysis of glucosinolate profiles, chemical defence compounds of the Brassicaceae, showed a difference in diversity of indolic glucosinolates between the Iranian and Turkish/Cypriot lines. We showed that different Ae. arabicum individuals have different ploidy levels depending on their location (Iranian versus Turkish/Cypriot). Moreover, these differences between the populations are also shown in their defence compounds.
Introduction
The genus Aethionema W.T.Aiton (tribe Aethionemeae) is the sister group to the rest of the Brassicaceae family and thus serves as an important group to study the evolution of cruciferous traits. The fast-flowering annual species Aethionema arabicum (L.) Andrz. ex DC. (Aethionemeae, Brassicaceae) is being utilized as a model for comparative analysis. For example, genetic mapping of Ae. arabicum provides the opportunity to understand structural genomic evolution in the light of Brassicaceae genomic blocks (Lysak et al. 2016, Nguyen et al. in prep) . Aethionema arabicum is heterocarpic and completes its life cycle between April and the end of June on the steep stony slopes of the IranoTuranian region (Bibalani 2012; Lenser et al. 2016 ). On these steep slopes with a lack of covering vegetation, Ae. arabicum is exposed to strong UV light, the heat of the summer and the cold of the winter. Heterocarpy is defined as the occurrence of two types of fruits on the same infructescence whereby the fruits and seeds differ in size, colour, shape, dormancy and germination (Imbert 2002; Lenser et al. 1 3 2016). The short life cycle and the heterocarpic phenotype are likely adaptations to the unpredictable local growth conditions of Ae. arabicum.
The genus Aethionema shares the typical cruciferous traits, e.g. the methionine-derived glucosinolates (i.e. mustard oils, GLS) with the Brassicaceae core group (Hofberger et al. 2013; Edger et al. 2015) . GLS are a novel suite of metabolites developed within the Brassicales as chemical defences against pathogens and herbivores (Halkier and Gershenzon 2006; Hofberger et al. 2013; Edger et al. 2015) . Glucosinolates are derived from a basic sugar molecule and an amino acid with a side chain that can be elongated with carbon molecules (Halkier and Gershenzon 2006; Redovnikovic et al. 2008) . In addition to their function as defence compounds, GLS can also act as attractants and are economically used for their mustard flavour and anti-carcinogenic activity (Halkier and Gershenzon 2006) . Although all Brassicales contain GLS, the At-alpha WGD event and the arms race between Brassicaceae and its Pieridae herbivores likely increased the GLS diversity of Brassicaceae [containing 120 + different compounds ].
In addition to the phenotypic synapomorphies shared with the rest of the Brassicaceae, Aethionema also share the At-alpha whole genome duplication (WGD) event with the rest of the Brassicaceae (Schranz et al. 2012; Edger et al. 2015) . WGD, also known as polyploidy, can also be associated with shifts in speciation rates (Zhang 2003; Ha et al. 2009; Soltis et al. 2009; Koenig and Weigel 2015) . Genes duplicated by WGD can go through the process of pseudogenization (gene loss), subfunctionalization (partitioning of ancestral functions), neofunctionalization (novel gene function) and/or retain their original gene function (Song et al. 1995; Zhang 2003) . Whatever their future may be, duplicated genes provide new material for mutations and therefore new material for natural selection and genetic drift to act upon (Koenig and Weigel 2015) .
Aethionema arabicum has mainly been studied in a comparative framework with the rest of the Brassicaceae (Beilstein et al. 2012; Hofberger et al. 2013; Mohammadin et al. 2015) , to investigate the genome and transcriptome sequences (Haudry et al. 2013; Edger et al. 2015; Mohammadin et al. 2015) , long noncoding RNAs and other conserved noncoding sequences (Haudry et al. 2013; Mohammadin et al. 2015) , telomerases (Beilstein et al. 2012) , and the glucosinolate biosynthetic pathway (Hofberger et al. 2013) . To improve our understanding of Ae. arabicum evolution, knowledge about the patterns of genetic diversity and structure within the species population is required. Here we used a genome-wide approach to investigate the genomic diversity between different Ae. arabicum accessions sampled widely in the Irano-Turanian region. Although our sampling is small, the analysis of nucleotide polymorphism data derived from de novo transcriptome sequencing reveals two geographical groups that correlate with ploidy differences found by flow cytometric analyses. Furthermore, GLS analysis finds that the geographical clusters differ in their defensive GLS profiles. Finally, we also find differences in selection patterns of particular genes across the genome.
Materials and Methods
Plant material, RNA isolation, sequencing and assembly Aethionema arabicum seeds from seven different accessions from Cyprus, Iran and Turkey were sown in sowing soil in pots (9 cm × 9 cm × 10 cm) and grown in the greenhouse at the University of Amsterdam (18 °C Fig. 1 . RNA isolation, cDNA synthesis, library preparation and assembly followed the same procedure as for Aethionema carneum (Banks & Sol.) B.Fedtsch. (Mohammadin et al. 2015) . Leaves, flowers, fruits, apical meristems from adult plants and whole seedlings were pooled separately for every line. Tissues were ground in liquid nitrogen after which RNA was isolated with the PureLink™ minikit (Ambion, Life Technologies Corporation, Carlsbad, CA, USA). RNA isolation was followed by a DNase treatment with the TURBO DNA-free™ kit (Ambion). RNA quality and quantity were checked on a 1% agarose gel stained with ethidium bromide in a 1× TBE buffer and on a NanoDrop 1000© (Thermo Fisher Scientific, Wilmington, DE, USA). We assessed whether the samples were DNA free with a PCR on 1/100 diluted samples with primers for a gene homologous to the Arabidopsis thaliana gene At5g42740 sugar isomerase (SIS). Two reverse primers were used: one covering an exon-exon boundary (5′CAT TCC ATA CGC TCA ACA ACC3′) and a reverse primer covering an intron-exon border (5′ATA CGC TCA ACA ACC CCA AG3′). In both cases, the same forward primer was used (5′AAC GGC TGA AAC AAT GCT G3′). The primers were designed using Primer3Plus (Untergasser et al. 2007 ). All samples were nonnormalized. When the samples passed these requirements, they were dried with GenTegra™ (GenVault, Carlsbad, CA, USA) and sent to the sequencing core of the University of Missouri Colombia (USA). There the ds-cDNA libraries were constructed and prepared for sequencing using the TruSeq-RNA™ kit (Illumina, San Diego, CA, USA), following manufacturers protocol. The lines were single-end sequenced with the Illumina Hiseq 2000 sequencer on 1x100 bp lanes, with 3 lines per lane resulting in 5 Gbp of reads per line. Aethionema carneum, also a heterocarpic annual belonging to the same clade as Ae. arabicum, was used as the out-group (Lenser et al. 2016) for selection pattern analyses. The Ae. carneum transcriptomes generated by (Mohammadin et al. 2015) were used.
Transcriptome assembly was conducted following (Mohammadin et al. 2015) : reads were aligned against Ae. arabicum genome (Haudry et al. 2013 ) using NextGene V2.17 ® (SoftGenetics, State College, PA, USA) using the same parameter settings as Mohammadin et al. (2015) .
Flow cytometry
In addition to the seven Ae. arabicum accessions mentioned above, we sowed Ae. carneum and the Ae. arabicum reference line for flow cytometry measurements (see above for sowing details). The ploidy levels of the eight Ae. arabicum lines and Ae. carneum were measured with a flow cytometer (Partec ClabTM, Munster, Germany) in 2011. Fully grown leaves of the same age were used (gain = 340). The nuclei were isolated by mincing the leaves with a razor blade in 1 ml of the standard isolation buffer and with 4,6′-diamidino-2-phenylindole (DAPI) (Dolezelt et al. 1998) . Five-hundred microlitres chicken DNA was used as an internal standard. We also included Brassica oleracea as a control with a known genome size to assess and ploidy levels.
SNP calling and filtering
SNPs were called with the UnifiedGenotyper of GATK (McKenna et al. 2010; DePristo et al. 2011 ) with the BadCigar read filter, operating over scatter_005 intervals and using the Ae. arabicum genome (Haudry et al. 2013 ) as a reference. GATKs UnifiedGenotyper estimates the most likely genotype and allele frequencies using a Bayesian genotype likelihood model. However, to be certain that ploidy level (see Results) did not interfere with the population structure analyses and the genome-wide diversity levels we did all downstream analyses separately for different ploidy levels.
Diploid alignments of the coding regions were made directly from the raw reads and based on the GATK output using in-house Perl scripts. Hence, 'allele_1' is the same as the Ae. arabicum reference and 'allele_2' containing all the mutations.
The VCF file form GATK was filtered with GQ ≥ 40, excluding SNPs with missing alleles. VCFtools (Danecek et al. 2011 ) was used to filter SNP data and calculate the number of heterozygous loci per individual and fixed heterozygosity levels. Diploid alignments were made based on the GATK output.
To further validate the assignment of potential alleles for heterozygous regions, we additionally called the alleles based on read-backed phased SNPs with HapCut (Bansal and Bafna 2008) . SNPs with a GQ ≤ 60 were removed before the following analysis. All analyses were done using in-house Perl scripts and MySQL. Phased haplotype blocks were based on the HapCut output (heterozygous SNPs) and the VCF output (homozygous SNPs). Since some of our populations are tetraploid (see Results), we wished to investigate the possibility of allopolyploid origins. However, without knowing the diploid parental genomes, it is not feasible to phase across distinct haplotype blocks. Hence, to investigate the possibility of allopolyploidy we assumed that the haplotypes with more alleles from the reference genome are from one chromosome sequence (allele_1) and the haplotypes with more alternative alleles are from the second chromosome (allele_2).
Population structure analyses
STRU CTU RE v 2.3.4 (with K = 2-5, with a burn-in period = 10,000; 20,000 runs) (Pritchard et al. 2000) and PCOA analyses were used for population structure analyses. Both were conducted on a genotype matrix generated with VCFtools ('-012' command) on the filtered SNPs. The reference line was added to this matrix as an individual with only homozygous reference alleles. The PCOA analysis was done with the 'bigmemory' and 'ape' packages in R v 3.2.1 (Paradis et al. 2004; R Core Team 2014; Kane et al. 2013) . With the exception of the network trees, all figures were made in R v 3.2.1 with the 'ggplot2' package (Wickham 2009 ) and combined with Inkscape and GIMP.
Maximum likelihood trees were inferred for the unphased alignments that passed the SNP filters (RAxML v8.2.4, GTR-GAMMA nucleotide model, 1000 rapid bootstraps, random seed = 12345 and both Ae. carneum alleles as outgroups, (Stamatakis 2014) , alignments are available upon request from the authors). A consensus network was made from all the maximum likelihood trees in SplitsTree [mean edge-weight and threshold = 0.1, (Huson and Bryant 2006) ].
To assess whether the network pattern does or does not depend on tandem duplicates, single copy genes of Ae. arabicum were used for a separate consensus network analyses. We assessed synteny between Ae. arabicum and the 959 Arabidopsis thaliana single copy genes (Duarte et al. 2010) with SynFind in CoGe (Lyons and Freeling 2008) . Genes from the unphased alignments with only one syntenic hit and no proxies that occurred in our gene set were used.
We used the first twenty-five genes of the phased data set to assess whether their network differs from the unphased alignments. However, as these genes gave us the same result as the unphased network we continued with the unphased data set.
Genome-wide diversity analyses
Following the results of STRU CTU RE, PCOA and gene tree network analyses, we further analysed the unphased data. We analysed each allele type separately and split the individuals in two groups: the Iranian group and the Turkish group (including the Cypriot line) based on ploidy differences. The diploid alignments were separated into allele type with an inhouse python script. Population genetic summary statistics were obtained with Phylomorphorama (Bachtrog and Andolfatto 2006) for every allele type separately and averaged per allele to have a gene per individual specific descriptive. To be able to assess genome-wide patterns, we distributed the SNPs along our genetic linkage map (Nguyen et al., in prep) . The ratio of non-synonymous to synonymous divergence, dN/dS, between Ae. arabicum and Ae. carneum was directly calculated from the Phylomorphorama output using the ratio of Jukes-Cantor corrected per site non-synonymous to synonymous substitution rates, also first per allele type and then averaged over both types to get a per gene dN/dS value. dN/dS > 3 were omitted, as they might indicate not real selection but the misalignments from different members of a gene family. Sliding windows were calculated for windows of 50 cM with a step size of 8 cM using an in-house R script and the genetic map of Nguyen et al. (in prep) . Arabidopsis thaliana homologs of the Ae. arabicum genes were assessed with the SynFind tool CoGe (Lyons and Freeling 2008) .
Glucosinolate isolation and analysis
Seeds from all lines were imbibed on wet filter paper in the dark for three days at 20 °C. Five seeds from the same individual were sown in 12-cm round pots, in sowing soil, in the greenhouse at 'Wageningen University and Research' in the summer of 2016. Flowers, fruits and leaves were isolated from 3 adult plants per line, frozen in liquid nitrogen and kept at − 80 °C. Samples were freeze-dried for 24 h and ground with 4-10 2 mm glass beads. Samples that were lighter than 4 mg were pooled. Samples between 4 and 10 mg were extracted with 1 mL of 80% methanol with an internal standard of 0.05 mM intact 4-hydroxybenzylglucosinolate. The samples were analysed by HPLC-UV following (Burow et al. 2006) with the following adjustments of the chromatographic gradient: water (A)-acetonitrile (B) gradient (0-8 min, 10-50% B; 8-8.1 min, 50-100% B; 8.1-10 min 100% B and 10.1-13.5 min 10% B; flow 1.0 mL min −1 ). The Ae. arabicum genes of the glucosinolate pathway were based on the A. thaliana homologs found by (Hofberger et al. 2013) . Using BlastN, we assessed whether these genes were expressed in our transcriptome data and whether they were under selection.
Results

Sequencing statistics and flow cytometry
We sequenced the transcriptomes of seven Ae. arabicum lines that are representative of the species distribution range. In addition, we used the already published transcriptome of the reference line of Ae. arabicum (Haudry et al. 2013 ) and of the out-group species Ae. carneum (Mohammadin et al. 2015) .
The heterozygosity levels of the Iranian lines exceeded the percentage of heterozygous loci between the Ae. arabicum reference line and the out-group Ae. carneum (Table 1) . Flow cytometry analyses showed that the Iranian lines are tetraploid, while all the other Ae. arabicum lines and Ae. carneum are diploid (Table 1) . Thus, the higher degree of observed 'heterozygosity' of the Iranian lines is likely caused by (disomic) polyploidy.
The Ae. arabicum accessions from Turkey, Cyprus, Iran and Ae. carneum had an average of 38,689,493.8 (± 7951,220.4 SD) reads before quality trimming. 87.3% of the reads remained after quality trimming (33,776,390.2 ± 6958,395.1 SD). These were assembled relative to the reference line (Haudry et al. 2013 ) into an average of 18,881 (± 210.6 SD) contigs with an average length of 803 bp (± 3.1 SD). Fig. 1 , eigenvalues PCOA1 = 610,115.6, PCOA2 = 346,738.7, explaining a total of 76.45% of the variation). The PCOA results also show that the reference line of Ae. arabicum is nested with other Turkish lines (Fig. 1) .
Population structure
Out of the 9070 coding genes with SNPs, trees were made out of 8969 unphased alignments. The consensus network of all 8969 trees shows that in 93.5% of the trees the second allele from the Iranian lines split off from the other alleles (Fig. 1) . Both alleles of the Turkish lines, the first allele of the Iranian lines and the Cypriot alleles cluster together. Only 11.5% of the trees support a separation of the first Iranian allele from the Turkish and Cypriot alleles (Fig. 1 ). This indicates a similarity of one of the Iranian alleles with the primary Turkish/Cypriot allele cluster, while the other allele is as separated from the Turkish/Cypriot cluster similar to the out-group species Ae. carneum. This separation suggests a likely allotetraploid origin or an introgression history for the Iranian lines. The network made of 158 single copy genes and of the phased genes showed the same pattern (Online Resources 2, 3). Following the above-mentioned ploidy differences between the Iranian and Turkish/Cypriot lines, we analysed the two geographical groups separately for their genome-wide diversity patterns. This was conducted to exclude biases by quantitatively comparing populations with different ploidy levels, although this also assumes a potential allopolyploid origin of the Iranian lines by analysing diversity for the Iranian lines within putative allelic homeologs.
Population genomic analyses
The data set of the Turkish individuals contained a total of 11,080,866 sites, of which 0.61% was polymorphic and 1.64% diverged from Ae. carneum (Table 2 ). The Iranian individuals had a total 11,398,902 sites, with 0.07% polymorphic sites and 2.14% sites diverging from Ae. carneum (Table 2 ). The synonymous polymorphism of the Iranian lines was much lower than the Turkish lines (π Iran ~ 0.12% versus π Turk ~ 1.08%, Table 2 ), although the Iranian lines come from a very restricted geographical region. The levels of polymorphism of non-synonymous 
Genome-wide selection patterns
The within-population polymorphisms, synonymous substitution rates, and the between-species dN/dS ratios were calculated for every gene and plotted relative to their genomic location based on their genetic linkage map positions (Fig. 2) . dN/dS ratios (cut-off dN/dS < 3) were calculated between the out-group species Ae. carneum and the two populations (Iran and Turkey). Of the 9070 genes that passed the SNP calling restrictions, only 6762 could be mapped relative to the genome. Of the 2203 genes that did not map against the linkage map, 587 genes were on scaffolds that
have not yet been incorporated in the linkage map. The other 1616 genes had coordinates beyond than the outer limits of the linkage groups and were hence excluded from additional analyses. Synonymous nucleotide diversity measures are lower in the Iranian lines compared to the Turkish lines (see above and Table 2 ). However, at the beginning of linkage group 10 there is a peak in diversity of the Iranian lines that decreases within 10.6 cM (Fig. 2a) . The synonymous polymorphism level is significantly higher here than in the rest of the transcripts (average π syn = 0.016 ± 0.0096 SD, Wilcoxon rank sum test with continuity correction, W = 20482, P < 2.2e −16 ). Within the same 10.55-cM interval, the Turkish lines have lower but increasing synonymous substitution rate, although this does not differ from the rest of the transcripts (average π syn = 0.0074 ± 0.0093 SD, Wilcoxon Rank Sum test with continuity correction, W = 216,580, P = 0.2937). This region harbours 59 genes with dN/dS averages of 0.1434 (± 0.156 SD, n = 57) for the Iranian lines and 0.1434 (± 0.1666 SD, n = 55) for the Turkish lines (Online Resource 4). dN/dS values were not significantly different from the rest of the genome (Wilcoxon rank sum tests with continuity correction, Iran: W = 238,220, P = 0.896; Turkey W = 240,400, P = 0.577). However, as the dN/dS values here are below one there is a signal of purifying selection. Most of the genes which belong to an enzymatic group are involved in DNA and/or RNA binding, zinc ion binding or transcription factors (Online Resource 4). There are also genes involved in seed maturation, embryogenesis, oxygen sensing, mitochondrion inner membrane proteins and chloroplast chaperonins (Online Resource 4).
The averages of non-synonymous versus synonymous substitutions, dN/dS, were significantly higher for Turkey 0.143 (± 0.211 SD, n = 6673) than for Iran: 0.142 (± 0.193 SD, n = 6762, Wilcoxon Rank Sum test with continuity correction, W = 23,378,000, P = 2.784e −04
). Except for linkage group six, all the linkage groups had genes under selection with a dN/dS above 2 (Fig. 2 ). There were a total 25 genes with evidence for being under strong positive selection, with dN/dS values above 2 (Table 3) . Four out of these 25 genes are protein-coding genes within the organelles, mitochondrion and/or chloroplasts. Six out of 24 genes are selected in both Iranian and Turkish lines. These genes encode fundamental cellular functions, e.g. RNA-binding proteins, a homolog of the mammalian regulator of apoptosis, mitochondrial importer subunits (Table 3) .
Differences in glucosinolate content
The Iranian and Turkish lines were very similar in their aliphatic glucosinolate content within their different tissues (Table 4) . However, the indolic GLS profiles varied: the Turkish and Cypriot lines have a higher diversity of GLS components compared with the Iranian lines. Out of the 89 genes of the GLS pathway that are syntenic with Ae. arabicum (Hofberger et al. 2013) , 39 were expressed in our transcriptomes (Online Resource 5). Our filtered unphased SNP list contained 17 Ae. arabicum syntelogs of the GLS pathway (Online Resource 5), including genes from the entire biosynthetic pathway, ranging from the sulphatases SOT18, that are involved in the final step of GLS compound formation to the side-chain changing GOX5 (Online Resource 5) (Sønderby et al. 2010) . These genes showed similar patterns of variation to the genome-wide analyses, with low genetic diversity for the Iranian lines and a higher synonymous π for the Turkish lines.
Discussion
Here we used a genome-wide approach and transcriptome analysis to understand the genetic diversity and selection pattern of seven Ae. arabicum individuals from a wide geographical range. Despite our small sample size, we show that Ae. arabicum lines have different ploidy levels with individuals from Iran being tetraploid while the Turkish and Cypriot ones are diploid. A network analysis showed that the Turkish and Cypriot alleles and one Iranian allele cluster together. The other Iranian allele, however, is as distant from this cluster as the sister species Ae. carneum, suggesting allotetraploidy or introgression. Genome-wide diversity analyses showed that from the genes that are under selection, 16% have organeller functions largely within mitochondria and/or chloroplasts. As selection happens at the level of traits, we analysed glucosinolate (GLS) defence compounds between the populations, showing a low diversity of indolic GLS in the Iranian lines while the Turkish/Cypriot lines had a higher indolic concentration and diversity.
Flow cytometry and genetic analyses of Ae. arabicum showed that the Iranian individuals studied here were tetraploid and had a low level of indolic glucosinolate (Mohammadin et al. 2017) ).
The high heterozygosity levels of the tetraploid Iranian lines are consistent with hypotheses of allopolyploidy or introgression. The gene-network analyses show that one Iranian allele is incorporated into the Turkish/Cypriot cluster. Similar to Ae. carneum, ~ 70% of the ~ 9000 trees support the split of the second Iranian allele from the Turkish/Cypriot cluster ( Fig. 1 and Online Resources 2, 3), indicating allopolyploidy. However, the low heterozygosity level of 3% of the Iranian lines indicates introgression. Introgression could also lead to tetrasomic or intermediate inheritance (Schmickl and Koch 2011) . However, as our sample size is small and consists of RNA-seq data, a lot of departures from the 1:1 ratio under disomic inheritance are expected. To overcome this caveat in our methods, we would need a bigger sample size consisting of genomic sequence data. Introgression as well as allopolyploidy is common within the Brassicaceae. For example, while the diploid populations of Arabidopsis lyrata ssp. petraea and Arabidopsis arenosa are morphologically very distinct, their introgressed tetraploids in Eastern Europe overlap (Schmickl and Koch 2011) . Allopolyploidization often follows hybridization, adapting each parental genome, such as the allotetraploid Arabidopsis kamchatica is a hybrid between A. lyrata ssp. petraea and Arabidopsis halleri (Schmickl et al. 2010) . A variable ploidy level within a plant species has been documented in numerous angiosperm families, e.g. Andropogon gerardi (Poaceae) (Keeler 1992) and Artemisia incana (Asteraceae) (Dolatyari et al. 2013) . The Brassicaceae core group also contains many species with different ploidy levels: Cardamine yezoensis from eastern Asia (Marhold et al. 2010) , many Draba species (Brochmann 1993; Jordon-Thaden et al. 2013) , various Boechera species (Schranz et al. 2005; Sharbel et al. 2005) , the European Biscutella laevigata (Tremetsberger et al. 2002) , Allysum montanum, Allysum repens and Arabidopsis arenosa (Španiel et al. 2011; Wright et al. 2014) all have populations with different ploidy levels. A distinct geographical pattern of ploidy levels can be due to ecological adaptations to small differences in environmental conditions. An example of a distinct pattern of occurrence between diploid and polyploid individuals is from the subspecies complex of Arabidopsis neglecta subsp. neglecta (diploid) and Arabidopsis neglecta subsp. robusta (tetraploid). Here the diploid is found above the tree-line in high alpine habitats, and the tetraploid occurs below tree-line in different mountain ranges of the European Alpine system (Schmickl et al. 2012) . The assumption made for the gene alignments, phased and unphased, is that one of the alleles is more similar to the Ae. arabicum reference genome and the other contains the alternative genotypes; hence, we could not detect genetic distance(s) between the parental lines.
A genome-wide analysis of the Ae. arabicum genetic diversity showed a higher level of synonymous diversity within the Turkish lines and low levels of genetic diversity for the Iranian lines (Fig. 2) . While the Iranian lines were sampled from a very limited geographical area, the distribution of the Turkish lines was over a much larger geographical area. The synonymous diversity levels of the two Ae. arabicum clusters are comparable with that of A. thaliana, A. lyrata, Boechera stricta and Capsella grandiflora showing similar synonymous substitution rates for self-pollinating Brassicaceae species between 0.003 and 0.023 (Gossmann et al. 2010; Slotte et al. 2010; Williamson et al. 2014) . Similarly, the dN/dS ratios of Ae. arabicum fall within the range of dN/dS = 0.13-0.21 found in the 257 exonic regions of the annual, biennial and perennial species Arabidopsis lyrata, Capsella grandiflora and Noccaea paniculata (Slotte et al. 2010) showing a common background selection pattern.
Although the genetic diversity of the Iranian lines was lower than that of the Turkish lines, there was one exceptional region with an elevated level of synonymous nucleotide diversity for the Iranian lines. This region consisted of 59 genes, mainly coding for basic cellular functions. These 59 genes are all under purifying selection, although this is not significantly different from the rest of the expressed coding genes along the genome. More than 15% of the genes of this Iranian peak are chloroplast chaperonins, belong to the mitochondrion inner membrane or have other functions involved with the organelles. Chaperonins, also called heat shock proteins, are conserved throughout pro-and eukaryotes and are involved in protein folding, especially when cells are stressed (Levy-Rimler et al. 2002) . They also buffer the destabilization of protein mutations and can as such increase genetic diversity (Tokuriki and Tawfik 2009 ). Tokuriki and Dawfik (2009) showed that Escherichia coli cells without GroEL/GoES chaperons have more than a twofold decrease in non-synonymous substitution. The GroEL/ GoES system is the bacterial homolog of the chaperonins; we find here that are under purifying selection.
Glucosinolate (GLS) profiles vary depending on tissue and at the species level (Kliebenstein et al. 2001; Brown et al. 2003) . The GLS composition of Arabidopsis thaliana is locally adapted to its ecological environment (Kliebenstein et al. 2001 ). We found a major difference between the Ae. arabicum Iranian and Turkish/Cypriot lines, where the former has only one form of indolic GLS and the latter contains four different indolic compounds in much higher concentrations. Plants lacking indolic glucosinolates are more susceptible to necrotrophic fungi [67 and the references therein]. Due to our small sample size and the pooled tissues for our transcript isolation, we were not able to assess differential gene expression. The diversity of indolic compounds found in our study is mainly due to GLS side chain modifications (Sønderby et al. 2010 ). Although we did not find any of the GLS genes being under selection pressure, the difference found here between the GLS compounds and populations might indicate a start of local adaptation or an effect of the differences in ploidy level being expressed.
Conclusion
While the genome of Ae. arabicum has been used for comparative genetic and genomic studies, little is known about the extant diversity of this species. This is partially due to the current political instability across the Irano-Turanian region, making it hard to collect samples for larger studies. Here the lack of individual and population samples was slightly counter-parted with the large transcriptome data sets generated. This resulted in the finding that the genome-wide genetic diversity was increased within the tetraploid Iranian lines containing genes encoding for chaperonins. Chaperonins are expressed when plant cells are stressed, encouraging the hypothesis that both populations deal with stressful environments in their own way. A few issues still remain that might be solved with more population samples: whether the diploid and tetraploid individuals occur at distinct locations, whether there has been introgression or allopolyploidy history, and whether the tetraploids are adapted to specific ecological factor(s). Our results are a step forward and present resources that can be used to understand the genetic variation and evolution of Ae. arabicum.
